ABSTRACT: The reaction between monomeric bis(1,2,4-tri-t-butylcyclopentadienyl)cerium hydride, Cp' 2 CeH, and several hydrofluorobenzene derivatives is described. The aryl derivatives that are the primary products, Cp' 2 Ce(C 6 H 5-x F x ) where x = 1,2,3,4, are thermally stable enough to be isolated in only two cases, since all of them decompose at different rates to Cp' 2 CeF and a fluorobenzyne; the latter is trapped by either solvent when C 6 D 6 is used or by a Cp'H ring when C 6 D 12 is the solvent. The trapped products are identified by GCMS analysis after hydrolysis. The aryl derivatives are generated cleanly by reaction of the metallacycle, Cp'((Me 3 C) 2 C 5 H 2 C(Me 2 )CH 2 )Ce, with a hydrofluorobenzene and the resulting arylcerium products, in each case, are identified by their 1 H and 19 F NMR spectra at 20°C. The stereochemical principle that evolves from these studies is that the thermodynamic isomer is the one in which the CeC bond is flanked by two ortho-CF bonds. This orientation is suggested to arise from the negative charge that is localized on the ipso-carbon atom due to C o (δ+)-F o (δ-) polarization. The preferred regioisomer is determined by thermodynamic rather than kinetic effects; this is illustrated by the quantitative, irreversible solid-state conversion at 25°C over two months of Cp' 2 Ce(2,3,4,5-C 6 HF 4 )
Introduction
The fluoride for hydrogen exchange reactions that resulted when C 6 F 6 or C 6 HF 5 were added to monomeric [1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 CeH, abbreviated as Cp' 2 CeH, have been described recently. 1 The initial products of the reaction of C 6 F 6 and Cp' 2 CeH were Cp' 2 CeC 6 F 5 , Cp' 2 CeF, and H 2 ; the pentafluoroaryl derivative decomposed to the fluoride and tetrafluorobenzyne, which was trapped by either C 6 D 6 (solvent), or the Cp'-ring of a metallocene. Hydrogen was suggested to be formed in two sequential reactions illustrated in eq. 1a and 1b. Thus, the net F/H exchange reaction was comprised of individual intermolecular CF and CH activation steps.
Cp' 2 CeH + C 6 F 6 -> Cp' 2 CeF + C 6 F 5 H (1a)
Cp' 2 CeH + C 6 F 5 H -> Cp' 2 CeC 6 F 5 + H 2 (1b)
DFT calculations on the reaction between (C 5 H 5 ) 2 LaH, used as a model for the experimental reaction, and either C 6 F 6 or C 6 F 5 H showed that the CH activation barrier, eq. 1b, is substantially lower than the CF activation barrier, eq. 1a, but the elimination of C 6 F 4 from Cp' 2 CeC 6 F 5 proceeded with a higher barrier. The experimental studies required that the net CF and CH activation barriers were comparable since the products derived from each process were observed, which was inconsistent with the calculated potential energy surfaces. The postulate that CH activation barriers are lower, higher, or comparable to CF barriers can be tested by experimental studies of the reaction between Cp' 2 CeH and judiciously chosen isomeric hydrofluorobenzenes. The results of these experimental studies are the subject of this paper.
Results

Strategy
In general, the products formed in the reaction of Cp' 2 CeH, 1, and the hydrofluorobenzene derivatives described below are not isolated as crystalline materials because of their thermal instability, as mentioned in earlier papers. 1, 2 The changes that occur in the 1 H and 19 F NMR spectra however are 5 readily observed and these changes are monitored as a function of time. Even when the fluoroaryl derivatives are isolated by crystallization, they do not give satisfactory combustion analysis, as is well known for fluorocarbon compounds. 3 The compounds do not yield molecular ions in their mass spectra, but give fragmentation ions, and do not sublime nor melt without decomposition.
The identity of the products is ascertained by comparison of the 1 H and 19 F NMR spectral features obtained by reaction of the metallacycle Cp'((Me 3 C) 2 C 5 H 2 C(Me 2 )CH 2 )Ce, 2, Schemes 1-9, and a hydrofluorobenzene, which only yields the fluoroaryl derivatives resulting from insertion of a CH bond into the CeC bond of the metallacycle. When isomeric fluoroaryl derivatives are possible, judicious choice of the hydrofluorobenzene yields spectra that match those obtained in the reaction of Cp' 2 CeH.
In this manner, the identity and stereochemistry of the fluoroaryl derivative is delineated. The 1 H and 19 F NMR spectra listed in Table 1 Once the library of 1 H and 19 F NMR spectra are acquired, Table 1 , the products of the reaction between Cp' 2 CeH and C 6 H x F (6-x) (x = 5,4,3,2) are readily identified. The first formed product, called the primary product, is readily identified, as are the subsequent or secondary products. Only two fluoroaryl derivatives are isolated as pure solids and both are characterized by single crystal X-ray crystallography.
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Solution Studies
Reaction of (1) and (2) Over time, the resonances due to 7 and 8 disappear, at different rates, and those due to 3, X, and the resonances in the diamagnetic region increase in intensity. Heating at 60°C for one day results in only those resonances due to 3, X, and the "diamagnetic ones." Hydrolysis of the thermal decomposition products of 7, prepared from 2, and analysis of the organic products by GCMS show three primary components along with Cp'H, one with m/z of 364 and two with m/z of 307 (M-CMe 3 ) + in a 4:1:6 ratio, respectively, due to isomers of B-2, Chart 1; several isomers of the structure represented by B can form depending upon which Cp'-ring carbon atoms participate in the [4+2] cycloaddition reaction.
When the thermal decomposition of 7, prepared from 2, is monitored closely at 20°C, resonances due to 6 appear in small amount, then disappear over the course of a day as those of 3 appear. This surprising observation is described later in more detail.
Reaction of (1) and (2) Table 1 . Over time, the resonances due to 9 are replaced by those due to 3, X, and diamagnetic ones. In contrast to the reaction of the two isomers of C 6 H 3 F 3 just described, which give single Table 1 ; the 19 F NMR spectrum consists of a broad single resonance. The 1 H NMR spectrum of the major product is identical to that of 12, derived by addition of 1,3-difluorobenzene to the metallacycle 2, Scheme 8, see below. Thus, the major product is derived from CF activation. The minor isomer is the CH activation product 10, which is prepared cleanly from the metallacycle 2, Scheme 6. As in the reaction of 1,2,3,4-tetrafluorobenzene, the primary product is that derived by CeH for CF exchange. After one day at 20°C the ratio of 3 to 10 is 4:1 and after an additional day at 60°C, only resonances due to 3, X, and diamagnetic resonances are present in the 1 H NMR spectrum. Thus, the major product formed in this reaction is derived from CeH for CF exchange, as in the reaction between 1 and 1,2,3,4-tetrafluorobenzene.
Reaction of (1) and (2) Table 1 , which are consistent with an aryl derivative with structure 12, Scheme 8.
With time, resonances due to 12 disappear and those due to 3, X, and diamagnetic resonances appear. Table 1 . These resonances are consistent with those expected for 13, Scheme 9.
After 30 minutes at 20°C, the ratio of 1, 3, and 13 is 2:4.5:1, and after one day at 20°C, the only paramagnetic resonances visible are those due to 3 and diamagnetic resonances which are attributed to B-5. Unfortunately, the aryl derivatives formed by the reaction of 1,2-difluorobenzene with the metallacycle, 2, are not stable, and the amount of 13 that forms is not sufficient to obtain a satisfactory 19 F NMR spectrum.
(d) C 6 H 5 F
The reaction of fluorobenzene with Cp' 2 CeH is related to that of the difluorobenzenes since it is slow, and the lifetime of the fluoroaryl product, relative to decomposition to 3, is insufficient to acquire satisfactory 1 H or 19 F NMR spectra. A small amount of 3 is generated initially, along with diamagnetic 13 resonances of considerable intensity. Hydrolysis and analysis by GCMS yields one component with m/z of 310, due to B-6 (Chart 1).
In summary, these four fluorobenzenes give cerium fluoroaryl derivatives resulting from CeH for CH exchange.
Solution Studies
NMR Spectroscopy .
The solution 1 H and 19 F NMR spectra in either C 6 D 12 or C 6 D 6 at 20°C of the metallocenecerium fluoroaryls generated and/or isolated that are described in this article are listed in Table 1 Table 1 were studied in order to explore the ring dynamics in more detail. A limitation is that the fluoroaryl derivatives decompose at varying rates at temperatures above 20°C, and only the low temperature behavior is studied. As the temperature is lowered to -50°C, the 
This behavior is clearly seen in the low temperature 1 H NMR spectra of 4 and 9. The unequal population shows that the line-shape is not due to an equal population decoalescence phenomenon, but is, perhaps, most likely due to the presence of another rotamer in which the orientation of the substituted cyclopentadienyl rings in the metallocene are different but the averaged symmetry is still C s . The 1 H NMR spectrum of 4 is consistent with this interpretation since the para-H resonance, represented as δ vs.
T -1 plots in Figures 3 and 4 , is a single, sharp resonance down to about -70°C, when another resonance whose intensity at -80°C is about 10% of the original resonance, appears as shown in Figure 3 .
The temperature dependence of the 19 F NMR spectra of several of the compounds listed in Table 1 also show common features. The most shielded and very broad resonance is attributed to the ortho-F resonance due to its proximity to the paramagnetic center, and this resonance is highly temperature dependent. When the ortho-F sites are inequivalent, as in 6 or 8, the more shielded resonance has the strongest dependence on temperature, while the less shielded resonance is weakly dependent on 
Solid State Studies
Molecular Structures of 6 and 7
As mentioned above, the solution 1 H NMR spectra at 20°C of 7, 10, 11, and 13 indicate that these complexes are either fluxional or they have structures that are different from 4, 6, 8, 9, 12, and Cp' 2 CeC 6 F 5 ; the solid state structure of the latter complex is available in the literature, 1 and the X-ray crystal structures for 6 and 7 are reported below. An ORTEP diagram for 6 is shown in Figure 1 and the important bond distances and angles are listed in Table 2 , along with those for 7 and Cp' 2 CeC 6 F 5 . A partial ORTEP diagram for 7 is shown in Figure 2 ; the C 6 HF 4 -ring is disordered over two equivalent positions but only one of the molecules is illustrated in Figure 2 . Crystal data for 6 and 7 are shown in Table 3 and additional details are available as Supporting Information.
Inspection of the ORTEP diagrams and the geometrical parameters for 6 and 7, along with these data Accordingly, the Ce … F contact bends the entire C 6 H x F (5-x) , x = 0, 1, ring so that it does not lie on the C 2 -axis.
Crystal Structures of 6 and 7
It is important that the crystal data for 7 are collected within a few days after the crystals are isolated, showed only resonances due to 7 and pentane of crystallization. The single crystal that was used for the structure determination of 6 was obtained as shown in Scheme 2. The 1 H NMR spectrum of several of these crystals dissolved in C 6 D 6 showed only resonances due to 6 and pentane.
Complexes 6 and 7 crystallize in the monoclinic crystal system in space group P2 1 /n with Z=4. The unit cell contains half a molecule of disordered pentane in each structure. The crystal data, collected at -115°C for 6 and -104°C for 7, are shown in Table 3 and the packing diagram of 6 is shown in Figure 7 .
The packing diagram for 7 is identical to that for 6 and it is available as Supporting Information.
Inspection of the packing diagrams shows that the unit cell contains considerable empty space, some of which is filled by the molecule of pentane. The closest the individual molecules approach each other is 3.03 Å.
The crystal structures of 6 and 7 are isomorphous and the only difference is that the a-and cdimensions of 6 are slightly longer, while the b-dimension is slightly shorter, relative to those of 7, resulting in the unit cell volume of 6 being about 0.8% larger than that of 7. The similarity in unit cell parameters precludes monitoring their change as a function of time in order to determine the rate law and rate constant for the solid state rearrangement, which means that the mechanism for the rearrangement is necessarily qualitative.
The small change in unit cell parameters shows that the rearrangement of 7 to 6 is not driven by a favorable change in the free energy of the ensemble, but the rearrangement is driven by a favorable change in ∆G of the individual molecules in the ensemble, that is, molecules of 6 have lower free energy than those of 7. The ensemble, however, plays a critical role since it allows 7 to rearrange cleanly to 6 without formation of detectable amounts of Cp' 2 CeF and a benzyne, a pathway that both complexes 18 follow in the solution at 20°C, over a much shorter time period. This behavior implies that the rearrangement mechanism in the solid state does not proceed by formation of Cp' 2 CeF and a "free" benzyne followed by trapping of the benzyne by Cp' 2 CeF, i.e., a reversible step-wise process. The solid state environment either prevents benzyne from escaping and ensures that the benzyne is trapped by Cp' 2 CeF, or the "free" benzyne never forms, implying that the mechanism of the Cp' 2 Ce and F site exchange between C(35) and C(36) is synchronous. Although the rearrangement mechanism can only be described qualitatively, the rearrangement proceeds quantitatively and irreversibly in the solid state and the net reaction is exoergic.
Discussion
The reaction products that form when Cp' 2 CeH is exposed to a series of hydrofluorobenzenes, C 6 H 6- This model should be applicable to the Ce-C bond dissociation enthalpies for the compounds mentioned above, since lanthanide-X bond dissociation enthalpies are dominated by electrostatic contributions, i.e., they are dominated by the Coulombic attraction between the two charges M(+)-X(-).
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Extending this model to the compounds described in this article yields the charge distribution at C(ipso) and C(ortho) shown in Chart 3. The electronegative fluorine atom will induce a larger positive charge on the carbon atom to which it is bonded than will the less electronegative hydrogen atom, which in turn induces a larger negative charge on the ipso-carbon atom. This thermodynamic model is in accord with the product formed in the reaction between Cp' 2 CeH and the hydrofluorobenzenes in Chart 2 and the solid state rearrangement of 7 to 6. Although the translational entropy for the solid state rearrangement of 7 to 6 is zero, the entropy content in 6 is greater than in 7, since two Ce(ortho)-F interactions are available in 6 but only one in 7. Thus, the vibrational entropy in the two complexes is not identical, and the rearrangement is favored enthalpically and entropically. 8 Although the thermodynamics of the rearrangement is clear, the mechanism is not. In the initial paper, the calculated mechanism of the reactions of Cp' 2 CeH (modeled by Cp 2 LaH) with either C 6 F 6 or C 6 HF 5 proceed by way of sigma-bond metathesis transition states in which the barrier for the CeH for CH exchange process is about 20 kcal mol -1 lower than that for CeH for CF exchange, resulting in the generalization that CF activation products are not observed when CH bonds are present in the hydrofluorobenzene. 1 Extension of this generalization leads to a conflict with the products formed in the reaction of Cp' 2 CeH with 1,2,3,4-tetrafluorobenzene and 1,2,3-trifluorobenzene. In both of these reactions, the products derived from activation. If the CH activation step occurs with a lower barrier than the CF activation step, the products of the reaction of Cp' 2 CeH and 1,2,3-trifluorobenzene would be those shown in eqs 2a and 2b.
Cp' 2 CeH + 1,2,3-C 6 H 3 F 3 -> Cp' 2 Ce(2,3,4-C 6 H 2 F 3 ) + H 2 (2a)
Cp' 2 CeH + 1,2,3-C 6 H 3 F 3 -> Cp' 2 Ce(3,4,5-C 6 H 2 F 3 ) + H 2 (2b)
Although the C-H isomer illustrated in eq. 2a, 10, is formed, the major product is the result of CF activation, Cp' 2 Ce(2,6-C 6 H 3 F 2 ), 12, Schemes 6 and 8. A set of elementary reactions that account for the formation of 12 are those illustrated in eqs 3a-c. If true, 12 is formed by two pathways, 3a and 3c; 3a is a CeH/CF exchange while 3c is a CeH/CH exchange. The H/F interchange reaction, 3b, is likely to occur with a low activation barrier; 1 this process along with the reaction symbolized by 3a yields
Cp' 2 CeF. Reaction 3c demands that Cp' 2 CeH is not depleted in reactions 3a and 3b, which means that the barrier for the reaction 3c must be comparable with that of 3a.
Cp' 2 CeH + 1,2,3-C 6 H 3 F 3 -> Cp' 2 Ce(2,6-C 6 H 3 F 2 ) + HF (3a)
Cp' 2 Ce(2,6-C 6 H 3 F 2 ) + HF -> Cp' 2 CeF + 1,3-C 6 H 4 F 2 + H 2 (3b)
A similar contradiction is apparent in the reaction of 1,2,3,4-tetrafluorobenzene in which the major product is 8, Scheme 3, the result of Ce-H/CF exchange. Indeed, the contradiction also extends to C 6 F 6 and C 6 HF 5 . 1 The contradiction between the calculational and experimental studies described in this article may be rationalized in the following ways: (a) the calculational methodology does not correctly deal with the large amount of charge reorganization in the transition state in the CeH for CF exchange.
(b) the mechanism of reaction may not proceed by way of a sigma bond metathesis mechanism, or (c) the bulky substituted cyclopentadienyl ligands influence the barriers more than expected, since unsubstituted cyclopentadienyl ligands are used in the calculations.
Conclusions
The stereochemical principle that emerges from the experimental studies described in this article is that when a choice of regioisomers is available, the isomer that is observed exclusively or in the highest yield is always the one in which the fluoroaryl group contains fluorine atoms in both of the ortho-sites of the polyfluorophenyl derivative. This thermodynamic result is postulated to be dictated by the CeC bond dissociation enthalpy that is controlled by the electronegative fluorine atoms that induce polarization at the ortho-carbon atoms, C o (δ+)-F(δ-), which in turn induces a negative charge on the ipso-carbon, Ce-C i (δ-). Thus the strongest Ce-C i is formed when both ortho carbons of the phenyl ring contain fluorine substituents. The elementary reactions that comprise the net reaction are consistent with the postulate that the activation energy for CH and CF have comparable values, and the stereochemistry of the product is determined by the change in free energy of the net reaction rather than the activation energy of the elementary reactions. The thermodynamic control is dramatically illustrated by the irreversible solid state rearrangement (25°C) of 7 to 6, a CeC(ipso) for C(ortho)F site exchange.
Experimental details
General: All manipulations were performed under an inert atmosphere using standard Schenk and dry box techniques. All solvents were dried and distilled from sodium or sodium benzophenone ketyl.
Fluoro and hydrofluorobenzenes, obtained from Aldrich Chemical Company, were dried and vacuum transferred from calcium hydride; the isomer purity was assayed by 1 H and 19 F NMR spectroscopy.
NMR spectra were recorded on Bruker AV-300 or AV-400 spectrometers at 20°C in the solvent 
Product identity Ce-C(ipso)-C(ortho) 
